Stomatal conductance is coupled to leaf photosynthetic rate over a broad range of environmental conditions. We have investipted the extent to which chloroplasts in guard cells may contribute to this coupling through their photosynthetic activity. Guard cells were isolated by sonication of abaxial epidermal peels of Viciafaba. The electrochromic band shift of isolated guard cells was probed in vivo as a means of studying the electric field that is generated across the thylakoid membranes by photosynthetic electron transport and dissipated by photophosphorylation. Both guard cells and mesophyll cells exhibited fast and slow components in the formation of the flash-induced electrochromic change. The spectrum of electrochromic absorbance changes in guard cells was the same as in the leaf mesophyll and was typical of that observed in isolated chloroplasts. This observation indicates that electron transport and photophosphorylation occur in guard cell chloroplasts. Neither the fast nor the slow component of the absorbance chane was observed in the presence of the uncoupler carbonylcyanide -trifluoromethoxyphenylhydrazone which confirms that the absorbance change was caused by the electric field across the thylakoid membranes. The magnitude of the fast rise was reduced by halfin the presence of3-(3,4-dichlorophenyl)-1,1-dimethylurea. Therefore, photosystem II is functional and roughly equal in concentration to photosystem I in guard cell chloroplasts. The slow rise was abolished by 2,5-dibromo-3-methyl-6-isopropyl-1,4-benzoquinone indicating the involvement of the cytochrome b64fcomplex in electron transport between the two photosystems. Relaxation of the absorbance change was irreversibly retarded in cells treated with the energy transfer inhibitor, N,N'-dicyclohexylcarbodiimide. The Chl a fluorescence emission spectra (14, 21, 28) indicate the presence of both photosystems in guard cells. The kinetics of slow fluorescence quenching indicate the formation of the high energy state in guard cell chloroplasts (10, 27), but photophosphorylation remains to be demonstrated. An independent probe has been sought to confirm these conclusions regarding the functional capacity of guard cell chloroplasts.
is little information on the mechanism of this coordination. Independent responses by guard cells and mesophyll cells directly to the environment could result in the functional coupling that is observed under a wide range of conditions. Much is known about the properties of mesophyll cells which control photosynthetic responses to the environment, but little is known about similar properties of guard cells. An integrated view of the stomatal response to light, for example, requires information on the functional properties of chloroplasts from both cell types.
Stomatal conductance in intact leaves responds directly to light independently of associated changes in intercellular CO2 (19) . Isolated stomata open (6) and guard cell protoplasts swell (29) in response to light, establishing that the photoreceptors are located in the guard cells. Stomata respond independently to blue and red light (17, 29) although the blue light receptor remains unidentified. Action spectra (6, 1 1) and inhibitor studies ( 17) indicate that the red light response is mediated by guard cell chloroplasts.
Chl a fluorescence emission spectra (14, 21, 28) indicate the presence of both photosystems in guard cells. The kinetics of slow fluorescence quenching indicate the formation of the high energy state in guard cell chloroplasts (10, 27) , but photophosphorylation remains to be demonstrated. An independent probe has been sought to confirm these conclusions regarding the functional capacity of guard cell chloroplasts.
Among the largest light-induced absorbance changes in chloroplasts and green cells is the carotenoid-Chl b absorbance band shift, with difference maximum at 518 nm and minimum at 480 nm (25) . The magnitude of this electrochromic shift is a quasilinear function of the thylakoid membrane potential generated by photosynthetic electron transport. The kinetic responses of the absorbance change to flash frequency and to photosynthetic inhibitors reflect properties ofthe electron transport components and the occurrence of energy conservation and photophosphorylation.
%
The electrochromic change in mesophyll thylakoid membranes (e.g. isolated from spinach or pea) rises biphasically. The fast phase occurs within 20 ns (25) and is due to primary charge separations performed by reaction centers of both photosystems. The slow phase occurs over several ms and reflects an additional electrogenic event during oxidation of plastoquinol (18) . The action spectra and decay kinetics of the slow and fast rise components are indistinguishable, and both indicate the delocalized membrane potential (25) .
The decay of the absorbance change reflects the dissipation of the membrane potential by proton movement across the thylakoid membrane (25) . Relaxation is accelerated in isolated thylakoids by addition of ADP and Pi to create phosphorylating conditions (4) . The rapid decay is abolished by energy transfer inhibitors (8) and is absent in algal mutants blocked at the terminal stage of photophosphorylation (7) . The association of rapid decay kinetics with the proton fluxes of photophosphorylation has provided a technique for monitoring the kinetics of ATP synthesis in chloroplasts (25) . Rapid decay kinetics in guard cells should reflect phosphorylating proton translocation.
We report for the first time the occurrence of electrochromic absorbance changes in guard cells. A DCMU-sensitive fast rise and a DBMIB4-sensitive slow rise establish that guard cell chloroplasts operate a noncyclic electron transport system and generate the thylakoid high energy state. A DCCD-sensitive, rapid decay indicates that this energy is conserved by photophosphorylation.
MATERIALS AND METHODS
Plants of Vicia faba L. cv Long Pod (Burpee Seed Co., Warminster, PA) were grown in a controlled environment for 4 weeks under 400 gE.m-2s-PAR, from daylight fluorescent bulbs, at 28°C day (14 h)/l 8C night (10 h). Pots were irrigated with tap water daily and fertilized twice weekly. Plants were adapted to darkness for 1 h before removal of epidermis from the abaxial surface of young, fully expanded leaflets. After peeling, the epidermal strips were rubbed to remove mesophyll debris and sonicated three times in fresh cold water (10) . Peels were stored on ice in water or in 10 mm K-phosphate (pH 7) for all experiments.
Epidermal peels were periodically screened for contaminating mesophyll Chl using incident fluorescence microscopy. The sonicated peels were mounted on glass slides in water and viewed at 320x. For purposes of estimating contamination, each aggregate of mesophyll chloroplasts was assumed to have a Chl content equal to that of a whole mesophyll cell (14) . Extracellular Chl was estimated from the projected areas of fluorescing subchloroplast particles relative to the area of a guard cell chloroplast in the same field of view. Fluorescence (4) .
Individual traces were recorded in digital form (Biomation 805 transient recorder) and accumulated as required by the signal to noise ratio, with a signal averaging oscilloscope (Nicolet 172). When 10-ms shutter flashes were delivered, the absorbance change at 540 nm from an equal number of flashes was electronically subtracted from the change at 518 nm to minimize the contribution of nonelectrochromic changes. No such correction was performed for absorbance changes induced by single turnover flashes because the flashes were too short to be affected by the slower nonelectrochromic changes.
To ensure aerobic conditions the sample was removed from the measuring chamber every 10 min and swirled in aerated buffer for 5 min. For measurement of the slow absorbance rise, the sample was not aerated and was allowed to remain sealed in the measurement chamber for up to 1 h. To minimize any artifact due to sample geometry, the total signal for each treatment was obtained by adding several groups of flashes (at both 518 nm and 540 nm when necessary) separated by a resuspension in buffer, or buffer plus inhibitor.
DCCD and DCMU were obtained from Sigma Chemical Co. (10), and remained mm-2 (10), and 4.5 pg Chl-guard cell-' (14) .
fully functional in stomatal opening (Fig. 2) . Both (Fig. 2) .
The wavelength dependence of flash-induced absorbance changes in isolated guard cells was similar to that obtained from an attached leaf (Fig. 3) . The characteristic maxima near 518 nm and minima near 480 nm (25) indicate that the flash-induced absorbance change in both guard cells and mesophyll cells was due to the electrochromic shift.
Mesophyll cells exhibited a biphasic absorbance increase at 518 nm when excited by saturating, single turnover flashes delivered at 0.1 Hz (Fig. 4, trace a) . The reflecting primary photochemical charge separations in the reaction centers, could not be resolved in this study (t½ less than 20 ns; 25). The slow phase, completed within 10 ms in Figure 4 , trace a, reflects an additional electrogenic event associated with noncyclic electron transport between the two photosystems (24) . The t½, of the slow rise was somewhat reduced and the relaxation kinetics were accelerated by increasing the flash frequency to 1 Hz (cf trace a and b). The slow rise is not detectable under many experimental conditions, and the mesophyll cells in the wellaerated leaf of Figure 4 exhibited only a relatively small slow component.
Isolated guard cells in well-aerated buffer exhibited absorbance changes similar to those in mesophyll cells when excited with single turnover flashes (Fig. 5A , trace b) and with 10 ms flashes (Fig. 5B, trace b) . The rise kinetics were distorted during the longer flash by the rapid decay occurring during the flash. These decay kinetics suggested that, in guard cell chloroplasts, as in mesophyll chloroplasts (cfJ Figs. 4 and 5) , the high energy state indicated by the electrochromic shift is associated with a pathway of low resistance to charge dissipation, through the otherwise impermeable lipid membrane.
To investigate whether the rapid decay represented movement of protons through the chloroplast coupling factor, the guard cells were treated with the energy transfer inhibitor, DCCD, which covalently binds to the CFo subunit, blocking the proton channel, and inhibiting phosphorylation at the terminal step (8) . Following single turnover flashes (Fig. SA) and 10-ms flashes (Fig. 5B) , the decay kinetics were retarded substantially (cf traces a and b) and to about the same rate in each case. The magnitude of the total absorbance change was larger in the presence of DCCD than in the control (Fig. SB) since dissipation of the membrane potential by a proton current through CFo during the 10-ms flash was inhibited by DCCD. The effect of DCCD could not be reversed by extensive washing of the epidermal peels in fresh buffer.
To probe the electrochromic nature of the absorbance change, the guard cells were treated with FCCP, a weak acid uncoupler that facilitates proton transport through the membrane without For measurement of the rapid decay kinetics described above, the guard cell sample was removed from the measurement chamber every 10 min for a 5-min resuspension in aerated buffer. If the guard cells were not resuspended in this manner, a reversible retardation of the decay kinetics occurred (data not shown) preceded by a reversible increase in the slow component. Both changes were reversible even after more than 1 h of enclosure in the chamber, by a 5-min resuspension. For measurement of the slow rise in guard cells, the samples were sealed in the chamber for 20 min prior to measurement, at which time stable kinetics were achieved. The slow rise was also most apparent at low flash frequencies, as observed in mesophyll cells (Fig. 4) , so The slow rise phase was isolated by delivering single turnover flashes at 0.1 Hz to samples which had been sealed in the measurement chamber for greater than 20 min, in the presence (Fig. 7A, trace b) antagonist, DBMIB. The computer subtracted difference between the two traces (Fig. 7B) represents the slow rise, which is abolished by DBMIB (I18).
The electrochromic shift reflects the delocalized membrane potential contributed by both PSI and PSII (25) . To determine whether PSII is functional in guard cell chloroplasts, the effect of DCMU on the fast rise component was investigated. In guard cells measured immediately after sealing into the measurement chamber and excited by flashes delivered at 1 Hz, the effect of DCMU was to decrease the amplitude of the fast rise ( Fig. 8 ; cJf trace a and b) by about 50%, as expected if PSI and PSII contribute approximately equally to the thylakoid membrane potential. The fast rise was reduced by DCMU independently of the slow rise or of the decay kinetics when these were manipulated as above, with prolonged enclosure or with DCCD (not shown).
DISCUSSION
The sonicated epidermal peels used in these studies are sufficiently free of epidermal cells (10) and of mesophyll cells and organelles to allow results to be interpreted unambiguously as guard cell functions. The purity of the sonicated guard cells of Vicia (greater than 99% on a Chl-containing cell basis) compares favorably with the purity of guard cell protoplast preparations (95-98% on a total cell basis; 3, 5, 14) . Sonication also avoids lengthy enzymic digestion and maintains cell wall attachments.
The sonicated guard cells were functional in stomatal opening. Substantial base line opening is always found in epidermal peels of Vicia as a result of the loss of back pressure from epidermal cells ruptured during peeling. The further increase in baseline aperture due to sonication is apparently due to disruption of the remaining epidermal cells. This seems to be a mechanical effect since only slight closure from the dark-adapted state was observed in both sonicated and unsonicated peels under conditions known to cause stomatal closure in this species. The continued ability of sonicated guard cells to function in stomatal opening (20; Fig.  2 ), synthesis of malate ( 11) and accumulation of neutral red (10) and K+ (20) shows that measurements on these peels represent physiological processes occurring in vivo.
The magnitude ofthe electrochromic absorbance change measured at 518 nm is compatible with the limited sample size of isolated guard cells and allowed the spectrum as well as the induction and decay kinetics to be observed. The difference spectrum of the light-induced absorbance change for guard cells was similar to that for mesophyll cells in the intact leaf. The characteristic maxima and minima in the difference spectra and the sensitivity of the absorbance decay to uncoupling by FCCP demonstrate that the phenomenon observed in both cell types was the electrochromic shift. Observation of the electrochromic shift in guard cells confirms that charge separation and accumulation of the high energy state occur in guard cell chloroplasts as previously inferred from analyses of fluorescence quenching (10, 28) . Fluorescence intensity in intact cells is a complex function of the redox status of the electron transport chain and of membrane conformation (15) , as well as of membrane energization, while the electrochromic shift reflects directly the electrical component of the high energy state (25) . Observation of both phenomena in intact guard cells establishes that guard cell chloroplasts are functional in photosynthetic energy conversion in vivo, and thus are likely to be of physiological significance in stomatal function.
The t-, of the rapid absorbance relaxation observed in guard cells is of the same order of magnitude (few tens of ms) as the decay in isolated chloroplasts under phosphorylating conditions (25) . The sensitivity of the decay to DCCD demonstrates that the charge dissipation is likely due to protons crossing the membrane through the coupling factor during photophosphorylation. It (10, 14, 21, 28) , cytochemistry (23) , and photosynthetic 02 evolution from guard cell protoplasts (3, 21).
The remaining half of the fast rise, not inhibited by DCMU, reflects charge separations of the PSI reaction centers. This is consistent with earlier suggestions of PSI activity in guard cells based on fluorescence emission spectra, light-induced absorbance changes at 700 nm (14) , and cytochemical observations (23) . Far-red light, which is absorbed preferentially by PSI, was found to alter the restoration kinetics of PSII fluorescence in guard cells of Chlorophytum (9) , also suggesting functional PSI as well as intersystem electron transport in guard cell chloroplasts.
Whether guard cell chloroplasts contribute substantially to cellular pools of ATP (27) and reducing equivalents (10) to the environment, it will be important in the future to elucidate these subtle differences and to characterize their role in the overall integration of stomatal function in the activity of intact plants.
